Recently a novel four-dimensional Einstein-Gauss-Bonnet (4EGB) theory of gravity was proposed by Glavan and Lin [D. Glavan and C. Lin, Phys. Rev. Lett. 124, 081301 (2020)] which bypasses the Lovelocks theorem with the re-scaling of the Gauss-Bonnet coupling constant α → α/(D − 4) in the limit D → 4. Here we study the physical properties of the electromagnetic radiation emitted from a thin accretion disk around the static spherically symmetric black hole in the 4EGB gravity. For this purpose, we assume the disk is in a steady-state and in hydrodynamic and thermodynamic equilibrium so that the emitted electromagnetic radiation is a black body spectrum. We study in detail the effects of the Gauss-Bonnet coupling constant α in 4EGB gravity on the energy flux, temperature distribution, and electromagnetic spectrum of the disk. It is shown that with the increases of the parameter α, the energy flux, temperature distribution, and electromagnetic spectrum of the accretion disk all increases. Besides, we also show that the accretion efficiency increases as the growth of the parameter α. Our results indicate that the thin accretion disk around the static spherically symmetric black hole in the 4EGB gravity is hotter, more luminosity, and more efficient than that around a Schwarzschild black hole with the same mass for a positive α, while it is cooler, less luminosity, and less efficient for a negative α.
I. INTRODUCTION
Einsteins theory of general relativity (GR) was proposed over a century ago and has successfully passed a large number of observational tests, mainly in the weak field regime. One of the most impressive results derived from GR is the prediction of black holes. Their existence as physical objects has now been proven by observations of gravitational waves generated due to the merging of black holes by the LIGO experiment [1] , through the extraordinary observation of the M87* black hole shadow by the Event Horizon Collaboration [2] , and also by the observations of the electromagnetic spectrum emitted from an accretion disk around a black hole [3] [4] [5] . With these observations of black holes in gravitational and electromagnetic spectra, together with their future developments, tests of GR and its alternatives in the strong gravity regime are a hot topic nowadays.
In the strong gravity regime, the observational aspects of black holes are closely related to a narrow region not far from its event horizon, range from the photon sphere to the accretion disk around the black hole. This region is naturally of great significance, as it is perhaps influenced by the possible higher curvature corrections to the Einstein term in GR. The Gauss-Bonnet term and its Lovelock generalization are the most important higher curvature terms studied in various alternative theories beyond GR. However, in four dimensions, the Gauss-Bonnet term is a topological invariant and thus does not contribute to the gravitational dynamics, except it is cou- * liucheng@zjut.edu.cn † zhut05@zjut.edu.cn; Corresponding author ‡ wuq@zjut.edu.cn pled to a matter field. Recently, a novel 4EGB theory of gravity was proposed by Glavan and Lin [6] which bypasses the Lovelocks theorem with the re-scaling of the Gauss-Bonnet coupling constant α → α/(D − 4) in the limit D → 4. With such scaling, it is shown that the Gauss-Bonnet term can make a non-trivial contribution to the gravitational dynamics in the limit D → 4. This theory is also proven to be free from the Ostrogradsky instability since it also preserves the number of degrees of freedom the same as that in GR. The extension of 4EGB gravity to higher-order Lovelock gravity is presented in [7, 8] . The reformulation of 4EGB gravity and its Lovelock generalization as a scalar-tensor theory have also been considered in [9, 10] . It is worth noting that the holographic implications of the addition of the Gauss-Bonnet term to the anti-de Sitter (AdS) gravity action in four dimensions has been addressed in [11] .
These interesting features stimulate a lot of attentions on the 4EGB gravity. The black hole solutions and their physical properties, such as the shadows [12, 14] , quasi-normal modes [12] , the stability of gravitational perturbations [13] , the innermost circular orbits of massive and spinning particles [16, 17] , rotating black holes [15] , charged black hole in AdS space [20] , radiating black holes [18, 19] , relativistic stars solution [21] , greybody factor and Hawking radiation [22, 23] , stability of the Einstein static universe [24] , gravitational lensing [25, 26] , and thermodynamic geometry and phase transitions [27] [28] [29] [30] , were extensively analyzed. The BTZ black hole in the three-dimensional Einstein-Lovelock gravity has also been explored in [31] .
In this paper, we explore the properties of the electromagnetic spectrum emitted from the accretion disk around a static spherically symmetric black hole in 4EGB gravity. For an astrophysical black hole, the study of arXiv:2004.01662v2 [gr-qc] 7 Apr 2020 the electromagnetic spectrum from the accretion process around the black hole is a powerful approach to explore the nature of the black hole spacetime in the regime of strong gravity. This has stimulated a lot works on the studies of the thin accretion disk around various black hole spacetimes, see and references therein. Therefore, it is natural to ask whether the Gauss-Bonnet corrections of the 4EGB gravity can appear in the electromagnetic signatures of the accretion disk. To answer this question, we consider a thin relativistic accretion disk model around the 4EGB black hole, which is in a steadystate and in hydrodynamic and thermodynamic equilibrium. In particular, we calculate the energy flux, temperature distribution, and electromagnetic spectrum of the thin accretion disk, and compare them with the standard GR case. The possible effects of the Gauss-Bonnet corrections on the electromagnetic signatures from the thin accretion disk are also explored.
The plan of our paper is as follows. In Sec. II, we present a brief introduction of the recent proposed 4EGB gravity and its static spherically symmetric black hole solution. In Sec. III, we study the geodesic equations for the timelike particles moving in the equatorial plane in the 4EGB black hole. Then in Sec. IV, we study the physical properties of the electromagnetic spectrum emitted from the thin accretion disk around the 4EGB black hole and explore the effects of the Gauss-Bonnet coupling constant α on the energy flux, temperature distribution, electromagnetic spectrum, and the accretion efficiency of the accretion disk. The summary and discussion for this paper is presented in Sec. V.
II. BLACK HOLE SOLUTIONS IN FOUR DIMENSIONAL EINSTEIN-GAUSS-BONNET GRAVITY
In this section, we discuss the theoretical background relevant to the analysis of the thin accretion disk around the 4EGB black hole. Let us start with the action of the D-dimensional Einstein-Gauss-Bonnet gravity, which is
where R is the Ricci scalar of the spacetime, R 2 GB ≡ R µνρσ R µνρσ − 4R µν R µν + R 2 is the Gauss-Bonnet term, and α is the dimensionless coupling constant. In four dimensional spacetime, the Gauss-Bonnet term R 2 GB is a total derivative, therefore it does not contribute to the gravitational dynamics. However, by re-scaling the coupling constant as α → α/(D − 4), it is shown by Glaan and Lin [6] that the Gauss-Bonnet invariant can make a non-trivial contribution to the gravitational dynamics in the limit D → 4. With such scaling, the action of the four-dimensional Einstein-Gauss-Bonnet gravity (4EGB) in the limit D → 4 can be written as [6] 
Variation of this action with respect to the metric leads to the field equation of 4EGB in the vacuum,
Here we would like to mention that H µν is proportional to D − 4 in D-dimensional spacetime, therefore in the field equation (2.3) the Gauss-Bonnet contribution αH µν /(D − 4) can be non-vanishing even in the limit D → 4. The static, spherically symmetric black hole solution of 4EGB gravity in the D → 4 limit was found
whereγ ij is the metric of n ≡ D − 2 dimensional unit sphere. In the D → 4 limit, n → 2. M denotes the mass of the black hole and the Gauss-Bonnet coupling constant α is restricted to, −8 ≤ α/M 2 ≤ 1 [16] . The horizon of the black hole is given by
where one has two horizons when α > 0 and one degenerate horizon when α = M 2 . When α is negative, the spacetime is also well defined beyond the horizon if −8M 2 ≤ α ≤ 0. In this case, the black hole only has one horizon, which is given by
In this paper, we consider the black hole solution in the region −8 ≤ α/M 2 ≤ 1. It is worth noting that the above solution was also found in gravity with a conformal anomaly in [57] and was extended to the case with a cosmological constant in [58] .
III. THE GEODESIC MOTION OF TEST PARTICLE IN 4EGB BLACK HOLE
The accretion disk is formed by particles moving in circular orbits around a compact object, whose physical properties and the electromagnetic radiation characteristics are determined by the space-time geometry around the compact object. For the purpose to study the electromagnetic properties of the thin accretion disk around a 4EGB black hole, let us first consider the evolution of a massive particle in the black hole spacetime. We start with the Lagrangian of the particle,
where λ denotes the affine parameter of the world line of the particle. For massless particle we have L = 0 and for massive one L < 0. Then the the generalized momentum p µ of the particle can be obtained via
which leads to four equations of motions for a particle with energy E and angular momentum l,
Here a dot denote the derivative with respect to the affine parameter λ of the geodesics. From these expressions we obtainṫ
For timelike geodesics, we have g µνẋ µẋν = −1. Substitutingṫ andφ we can get
We are interested in the evolution of the particle in the equatorial circular orbits. For this reason, we can consider θ = π/2 andθ = 0 for simplicity. Then the above expression can be simplified into the forṁ
where V eff (r) denotes the effective potential and is given by
One immediately observes that V eff (r) → 1 as r → +∞, as expected for an asymptotically flat spacetime. With this case, the particles with energy E > 1 can escape to infinity, and E = 1 is the critical case between bound and unbound orbits. In this sense, the maximum energy for the bound orbits is E = 1. The stable circular orbits in the equatorial plane are corresponding to those orbits with constant r, i.e.,ṙ 2 = 0 and dV eff (r)/dr = 0. With these conditions, one can write the specific energyẼ, the specific angular momentuml, and the angular velocity Ω of the particle moving in a circular orbit in the 4EGB black hole as 
The marginally stable circular orbits around the 4EGB black hole can be determined from the condition
Combining this equation with (3.12) and (3.13) and solving for r, the radius of the marginally stable circular orbit can be calculated via
which does not admit any analytical solution. We solve it numerical and plot the result in Fig. 1 , which shows clearly the radius of the marginally stable circular orbit r ms is decreasing as the increasing of the Gauss-Bonnet coupling constant α. Here we would like to mention that the evolution of the massive particles in the 4EGB black hole and the marginally stable circular orbits have also been studied in [16] .
IV. THE ELECTROMAGETIC PROPERTIES OF THIN ACCRETION DISK AROUND THE 4EGB BLACK HOLE
In this section we consider the steady-state thin accretion disk model and apply it to study the accretion process around the 4EGB black hole. For this purpose we adopt the Novikov-Thorne model of a thin accretion disk consisting of anisotropic fluid moving in the equatorial plane [59, 60] . In this model, the disk height H is negligible compared to the characteristic radius R of the disk, H R. This assumption leads to metric components g tt , g tφ , g rr , g θθ , and g φφ only depends on the radial coordinate r. The disk is also assumed to be stabilized at hydrodynamic equilibrium, with the pressure and vertical entropy gradient being negligible. An efficient cooling mechanism via heat loss by radiation over the disk surface is assumed to be functioning in the disk, which prevents the disk from collecting the heat generated by stresses and dynamical friction. The thin accretion disk has an inner edge at the marginally stable orbit of the compact object potential, and the accreting matter has a Keplerian motion in higher orbits.
The physical properties of the accretion disk are governed by certain structure equations, which follow from the requirement of the conservation of the rest mass, the energy, and the angular momentum of the fluid. In the thin accretion disk model, the stress-energy tensor of the accreting matter in the disk can be decomposed according to [59, 60] 
where
where the quantities ρ 0 , q µ and t µν represents the rest mass density, the energy flow vector and the stress tensor of the accreting matter, respectively, which is defined in the averaged rest-frame of the orbiting particle with fourvelocity u µ . From the equation if the rest mass conservation, ∇ µ (ρ 0 u µ ) = 0, it follows that the time averaged rate of the accretion of the rest mass is independent of the disk radius,Ṁ 0 = −2π √ −gΣu r = const., (4.3)
where Σ(r) is the time-averaged surface density and z is the cylindrical coordinates. According to the conservation law of the energy and the law of the angular momentum conservation ∇ µ T tµ = 0, ∇ µ T φµ = 0, (4.5)
one can obtain the time-averaged radial structure equations of the thin disk around the 4EGB black hole,
where W r φ is the averaged torque and is given by
The quantity < t r φ > is the average value of the φ-r component of the stress tensor over a characteristic time scale ∆t and the azimuthal angle ∆φ = 2π. By applying the energy-angular momentum relationẼ ,r = ωl ,r , the flux F (r) of the radiant energy over the disk can be expressed in terms of the specific energy, angular momentum, and the angular velocity of the orbiting particle in the thin accretion disk around the 4EGB black hole,
where r ms is the inner edge of the thin accretion disk and is assumed to be at the radius of the marginally stable circular orbit around the 4EGB black hole.
We calculate the radiation flux F (r) numerically and illustrate its behavior as a function of the radial distance for different values of the Gauss-Bonnet coupling constant α. Following [33, 34] , we here consider the mass accretion driven by the 4EGB black hole with a total mass M = 10 6 M with a mass accretion rate oḟ M 0 = 10 −12 M /yr. In Fig. 2 we present the energy flux profile F (r) radiated by a thin accretion disk around the 4EGB black hole for different values of Gauss-Bonnet coupling constant α. It is shown that the energy flux grows monotonically with increasing the value of Gauss-Bonnet coupling constant α. From the figure, one observes that the energy flux possesses a single maximum, which grows also monotonically with increasing of the value of Gauss-Bonnet coupling constant α. At the same time its radial position is shifted towards the location of the horizon. The main reason is that for positive α, the effect of the Gauss-Bonnet coupling constant α decreases the radius of the marginally stable orbit so that the lower limit of the integral in (4.9) becomes smaller, while for negative α the radius of the marginally stable orbit increases so that the lower limit becomes larger.
The accreting matter in the steady state thin disk model is supposed to be in thermodynamic equilibrium. The radiation flux F (r) emitted by the thin accretion disk surface will follow Stefan-Boltzmann law. Therefore, the effective temperature of a geometrically thin black-body disk is given by
where σ = 5.67 × 10 −5 erg s −1 cm −2 K −4 is the Stefan-Boltzmann constant. In Fig. 3 , we display the radial profile of the effective temperature T eff (r) of the thin accretion disk around the 4EGB black hole for different values of Gauss-Bonnet coupling constant α. The figure of the effective temperature shows a similar behavior as that of the energy flux in Fig. 2 . It is easy to see from Fig. 3 that the temperature at the fixed radius grows monotonically with increasing the value of the Gauss-Bonnet coupling constant α. For a positive value of the Gauss-Bonnet coupling constant α, the accretion disk is hotter than that around a Schwarzschild black hole, while it is cooler for a negative α.
Since we consider the radiation emitted by the thin accretion disk surface as a perfect black body radiation, the observed luminosity L(ν) of the thin accretion disk around the 4EGB black hole has a red-shifted black body spectrum [59, 60] ,
where i is the inclination angle of the thin accretion disk around the 4EGB black hole, d is the distance between the observer and the center of the thin accretion disk, r i and r f are the inner and outer radii of the disc, h is the Planck constant, ν e is the emission frequency, I(ν) is the Planck distribution, and k B is the Boltzmann constant.
Since the flux over the disk surface vanishes at r → +∞ for asymptotically flat geometry, in this paper, we can take r i = r ms and r f = +∞. The emission frequency ν e is related to the observed frequency ν via ν e = (1 + z)ν with the red-shifted factor being given by
where the light bending is ignored. To illustrate the effect of the Gauss-Bonnet term in the emission spectrum, we calculate the radiation spectrum νL(ν) numerically and display its behavior as a function of the observed frequency ν for different values of the Gauss-Bonnet coupling constant α in Fig. 4 . For positive α, it is shown that the increasing values of the Gauss-Bonnet coupling constant α produce greater maximal amplitude of the disk emission spectrum as compared to the standard Schwarzschild case, while for negative α it produces a smaller maximal amplitude. From the figure, one also observes that the cut-off frequencies of the emission spectra increases for positive α and decreases for negative α, from its value corresponding to the standard Schwarzschild black hole. At last, let us consider the accretion efficiency of the 4EGB black hole, which is defined as the ratio of the rate of the radiation of energy of photons escaping from the disk surface to infinity and the rate at which massenergy is transported to the black hole [59, 60] . If all the emitted photons can escape to infinity, one can find that the efficiency is related to the specific energy of the moving particle in the disk measured at the marginally stable orbit by = 1 −Ẽ ms .
(4.13)
The dependence of the accretion efficiency on the Gauss-Bonnet coupling constant α is plotted in Fig. 5 . It shows that the accretion efficiency of the 4EGB black hole increases with the increasing of the values of the Gauss-Bonnet coupling constant α. This indicates that the accretion of matter in the 4EGB black hole is more efficient for positive α and lesser efficient for negative α than that in the Schwarzschild black hole. Therefore, the 4EGB black hole with positive Gauss-Bonnet coupling constant α can provide a more efficient engine for transforming the energy of accreting matter into electromagnetic radiation than that with a negative value of α.
V. CONCLUSION AND DISCUSSION
The 4EGB theory of gravity is a recently proposed theory of gravity, which includes a Gauss-Bonnet curvature corrections to the Einstein term with a coupling constant proportional to α/(D − 4) in the limit D → 4. With this formulation, the 4EGB gravity can not only make a non-trivial contribution to the gravitational dynamics in the limit D → 4 but also preserves the same number of degrees of freedom as that of GR, thus is free from the Ostrogradsky instability. In this paper, we study the physical properties of a thin accretion disk around a static spherically symmetric black hole in 4EGB gravity. The physical quantities of the thin accretion disk, such as the energy flux, temperature profile, electromagnetic emission spectrum profiles, and the accretion efficiency have been analyzed in detail for the 4EGB black hole. The effects of the Gauss-Bonnet coupling constant α on these physical quantities have been explicitly obtained. It is shown that with the increases of the parameter α, energy flux, temperature distribution, and electromagnetic spectrum of the disk all increases. The main reason for this kind of behaviors is that for positive α, the effect of the Gauss-Bonnet coupling constant α decreases the radius of the marginally stable orbit so that the lower limit of the integral in (4.9) becomes smaller, while for negative α the radius of the marginally stable orbit increases so that the lower limit becomes larger. In addition, we also show that the accretion efficiency increases as the growth of the parameter α. Our results indicate that the thin accretion disk around the static spherically symmetric black hole in the 4EGB gravity is hotter, more luminosity, and more efficient than that around a Schwarzschild black hole with the same mass for a positive α, while it is cooler, less luminosity, and less efficient for a negative α.
